The adaptive significance of flocking behaviour has been intensively studied, especially among birds, but the demography and genetic structure of winter flocks is poorly understood, despite their importance for many biological processes. For three successive winters, we studied the demography and genetic structure of winter flocks in a small passerine, the vinous-throated parrotbill Paradoxornis webbianus. Our objectives were to determine the match between observed demography and the genetic structure of winter flocks, and to investigate the consequences of kin structure for the risk of inbreeding during the breeding season. The size of five main study flocks ranged from 60 to 120 individuals. The sex ratio of each flock did not deviate from parity and survival rates of adults were moderately low (36 and 17% in 2 years). Adults showed strong fidelity to a winter flock not only within a season but also between years. As expected from observational data, we found significant genetic differentiation and isolation by distance among males and females in winter flocks at a fine spatial scale. Likewise, relatedness among individuals within a winter flock was significantly greater than between flocks. Despite these demographic and genetic circumstances, the inbreeding rate was relatively low (4%). We conclude that fine-scale genetic structure occurs in the winter flocks of birds as a result of demographic processes without physical barriers. This genetic structure introduced a risk of inbreeding, but our evidence on whether individuals avoided incest was equivocal.
Introduction
The frequency and distribution of alleles and genotypes within and among populations, that is the genetic structure of populations, has important consequences for many biological processes through its effects on demography and individual behaviour (Gabor et al., 1999; Gardner et al., 2001; Knutsen et al., 2003; Telfer et al., 2003; Postma and van Noordwijk, 2005; Cabe et al., 2006; Francisco et al., 2007; McEachern et al., 2007; Schweizer et al., 2007) . Because of their high dispersal capacity by flight, it is generally assumed that gene flow within and among populations of birds may be less restricted than in other animal taxa such as mammals, amphibians or reptiles (Avise, 1996; van Treuren et al., 1999; Crochet, 2000) . Nonetheless, some empirical studies have found significant genetic structure in avian populations at a large geographic scale of several hundreds kilometres range (Caizergues et al., 2003; Nicholls et al., 2006; Francisco et al., 2007) as well as at a fine spatial scale, measured at the level of territories or between social groups (Shorey et al., 2000; Double et al., 2005; Fowler, 2005; Temple et al., 2006; Woxvold et al., 2006) . Genetic differentiation may occur when there are physical barriers between populations or when the geographical distance between them exceeds the dispersal capacity of the species (Baker et al., 2001; Caizergues et al., 2003; Telfer et al., 2003; Garnier et al., 2004; Watts et al., 2004) . However, it may also arise without physical barriers when behaviours such as territoriality, site fidelity or natal philopatry prevent the spatial mixing of genes (Sugg et al., 1996) . In red grouse Lagopus lagopus scoticus, for example, Piertney et al., 1998 reported significant genetic divergence among 14 populations separated by 1 to 50 km, and suggested that territoriality and natal philopatry were the main factors promoting such genetic differentiation. Similarly, genetic structure at a fine geographic scale is common in organisms with particular social systems (for example eusocial insects, cooperatively breeding birds and mammals) through the effects of dispersal patterns on kinship; such structure is often sex-specific when the sexes differ in their dispersal strategy (Sugg et al., 1996; Dobson, 1998; Storz, 1999; Ross, 2001) . Genetic structure may, in turn, have important consequences for social and individual behaviours. For example, cooperation has evolved predominantly among relatives, through kin selection (Hamilton, 1964) and this is most likely to occur in kin-structured populations. On the other hand, interacting with kin may incur costs through kin competition that may nullify any kin-selected benefits (Taylor, 1992; West et al., 2002) . Furthermore, if kin structure involves both sexes, there is a potential risk of incest and inbreeding depression (Keller and Waller, 2002) , unless there are effective mechanisms of inbreeding avoidance (Pusey and Wolf, 1996) . Therefore, we can expect complex interactions between demography, population structure and behaviour.
Flocking is a form of social behaviour observed across many animal taxa. Large flocks of birds beyond family association are commonly observed in the wild, especially in winter. Although the adaptive significance of flocking behaviour has been intensively studied (Krause and Ruxton, 2002) , the demography and genetic structure of winter flocks is less well studied due to the difficulty of sampling and tracking a sufficient number of birds in wild flocks. Such winter flocks might be regarded as subpopulations (demes) if dispersal between them is limited and pairing occurs within a winter flock (Kim et al., 1992; Lemmon et al., 1997; Kim, 1998) . Accordingly, winter flocks may have an important function in determining the social and genetic structures of populations (Sugg et al., 1996) .
We studied the demography and genetic structure of winter flocks and the consequences for inbreeding risk during the breeding season in the vinous-throated parrotbill Paradoxornis webbianus, a small (ca. 10g) passerine bird, which is a widely distributed, year-round resident in South Korea. Parrotbills are found in diverse habitats that include areas of dense bush and scrub. In winter (November-February), they form large, stable flocks of between 30 and 160 individuals in this study population (but see Severinghaus, 1987) . Each flock has a finite wintering range that frequently overlaps the ranges of other flocks without antagonistic territorial behaviour (Severinghaus, 1987; Kim et al., 1992) . Most adults stay in the same flock through a winter and pair formation occurs between birds in the same winter flock (Kim et al., 1992; Kim, 1998) . Juveniles also show a degree of natal philopatry; about 40% of juveniles disperse to neighbouring flocks, whereas the rest remain in the same winter flock as their parents. Sibling coalitions that include both sexes are the rule in natal dispersal (Lee et al., in review) . During the breeding season (AprilAugust), most individuals attempt to breed independently in monogamous pairs within their wintering ranges and there is male-oriented kin structure in nest dispersion (Kim, 1998; Lee et al., 2009) , although this species is not a cooperative breeder.
On the basis of the nature of philopatry and flock fidelity in this species, we predict fine-scale genetic differentiation among winter flocks and a risk of inbreeding. The goals of this study were: (1) to determine the demography of winter flocks in terms of survival rate, adult movement and sex ratio; (2) to investigate, using microsatellites, whether the pattern of genetic structure of winter flocks is consistent with observed demographic features; and finally (3) to explore whether inbreeding occurs under these demographic and genetic circumstances. Demography and genetic structure in parrotbills J-W Lee et al area is divided into the main site (ca. 140 ha) occupied by five winter flocks (underlined names: R-0, W-7, Y-3, B-5, P-9; Figure 1 ) and the peripheral site (ca. 410 ha) that surrounds it and which contains about 16 winter flocks.
Materials and methods
During each wintering season, we caught over 90% of the birds in the five main study flocks (size: 60-120 individuals per flock), using mist-nets. Each flock occupied the same area every winter and flock size was fairly constant among winters. In the second and third wintering seasons, we also caught the 16 peripheral flocks (size: 30-160; capture rate: 460% in most flocks). Each flock was identified based on the presence of regular individuals during repetitive captures and observation (Kim et al., 1992) , and flock location was recorded using GPS, with which we determined the approximate central point of the wintering range of each flock; this point was used to estimate the distance between flocks. We also carried out additional catches of some winter flocks (n ¼ 7 flocks) outside the peripheral study area in the second winter to locate any adults with long-distance movements from the main study flocks but none were found. Almost all birds caught in the study area (n ¼ 2018) were ringed with metal rings and given unique combinations of colour rings. Blood samples (10-30 ml) were also taken from the brachial wing vein and stored in absolute ethanol.
To investigate the level of inbreeding, we located nests in the main study area during the breeding seasons and identified the breeding pairs at each nest by direct observation and video-recording. Any unringed breeding birds were caught, ringed and bled during the incubation period.
Demography
Analyses of demographic processes such as adult movement, survival rate and sex ratio were performed using ringing data from the five main study flocks for three successive winters. Any individuals that transferred into the main study flocks from peripheral flocks, and vice versa, were also considered in the analysis of adult movements. The sex ratio (males/total) of each winter flock was determined based on molecular sexing (Griffiths et al., 1998) . To examine the effect of sex and flock on adult survivorship, survival analysis was conducted in the R environment, version 2.7.0 (R Development Core Team, 2008) . This analysis was conducted with the birds ringed in the first winter, in which the winter when each individual disappeared was recorded, and individuals which survived up to the third winter were recorded as being censored (see Crawley, 2007 for details). As noted earlier, long-distance movement by adults is extremely rare so we treated any disappeared birds as dead.
Genotyping
We used an ammonium acetate precipitation method for DNA extraction from blood (Nicholls et al., 2000) . Fourteen microsatellite markers that had been originally isolated in other species were used for genotyping (LOX1, Calex-05, PmaD22, Aar4-Gga5, Pcam3, PAT MP2-43, Tgu07, TG11-011, Tc.11B4E-CEST(B), Tmm6, Escm6, ZL35, Tgu06, Pdo47; for details, see Lee et al., 2009 and references therein). The 14 microsatellite loci had a mean of 16 alleles per locus and an average heterozygosity of 0.72 across all samples from this study (see Supplementary information). Detailed PCR and genotyping procedure can be found in Lee et al. (2009) .
Genetic structure
Genetic structure was analysed using 17 out of 21 winter flocks sampled in the second winter; 4 flocks (italic names, Figure 1) were excluded from the analysis because the capture rate was low. We adopted F ST based approaches (Weir and Cockerham, 1984) to determine genetic structure of winter flocks. The level of genetic differentiation among winter flocks was measured by pairwise and overall F ST (Weir and Cockerham, 1984) , calculated in the program FSTAT version 2.3.9.2 (Goudet, 1995 (Goudet, , 2001 ) and the significance of the deviation of the estimates of F ST from zero was assessed using the permutation procedure implemented in FSTAT, not assuming Hardy-Weinberg equilibrium. In a similar way, temporal genetic differentiation was analysed using the five main study flocks where sampling occurred consistently for 3 years. Using a permutation test in the program SPAGeDi version 1.2 (Hardy and Vekemans, 2002) , we investigated isolation-by-distance by regressing pairwise F ST /(1ÀF ST ) against logarithms of geographic distance (ln-metres) among flocks (Rousset, 1997) . Similarly, we conducted another random permutation procedure in SPAGeDi to test the correlates of relatedness (Queller and Goodnight, 1989 ) and spatial distance. We performed this spatial genetic autocorrelation analysis for each sex separately and between sexes; we represent birds from the same flock as being at a distance of 0 m and we let the program define 9 distance classes in such a way that the number of pairwise comparisons within each distance class is approximately constant. We computed genetic relatedness between individuals using the reference allele frequencies, which were made using all adult genotypes in SPAGeDi. We also tested sex-biased dispersal using the Biased Dispersal package in FSTAT, which generates F ST , mean (mAIc) and variance (vAIc) of assignment index for both sexes. Our sampling was carried out after the event of natal dispersal so it satisfies the prerequisite needed in this analysis (Goudet et al., 2002) . In general, the dispersing sex tends to have lower mAIc and F ST , and larger vAIc than the philopatric sex (Goudet et al., 2002) .
Inbreeding
We included breeding pairs only when we knew the preceding winter flock of both sexes. Genetic relatedness (r) between members of a breeding pair as well as individuals within a winter flock was calculated using SPAGeDi based on the reference allele frequency described above. We considered a pairing to be inbred if the r value between a male and a female was 40.25 because the expected r value between half-siblings is 0.25 under Mendelian inheritance and our samples conformed well to this rule (Lee et al., 2009) . To test whether the observed average r values for pairs deviated significantly from randomly expected r values, we carried out randomized permutation procedures in R. We allowed the observed breeding females (2005: 25 females, 2006: 21 females) to mate randomly with males from the preceding winter flocks and calculated average r values. Random pairings were generated only with males within the same winter flock as the observed females because most pairings observed were between members of the same winter flock. We repeated this 10 000 times and the significance was determined based on whether the observed value of pairwise relatedness fell between the standard deviations of the expected mean at 0.05 level.
Results
Demography: survival rate and adult movement In total, we caught 940 birds (490% of all birds present) in the five main study flocks during three successive winters ( Table 1 ). The average sex ratio of each flock for three winters did not deviate significantly from 1:1 (number of males/total±s.e.; R-0: 0.52±0.040; W-7: 0.52 ± 0.053; Y-3: 0.48 ± 0.010; B-5: 0.52 ± 0.026; P-9: 0.53±0.055). There were no significant differences in recapture rates among flocks (1st-2nd winter: w 2 4 ¼ 2.5, P ¼ 0.64; 2nd-3rd winter: w 2 4 ¼ 2.3, P ¼ 0.67; Table 1 ), but there was a significant difference in recapture rates in the two wintering seasons (36 vs 17%; 2-sample test for equality of proportions: w 2 1 ¼ 33.1, Po0.001; Table 1 ). From survival analysis of the birds caught in the first winter (n ¼ 339), at least 60% of the birds disappeared every year and only about 10% of the birds ringed in the first winter were found in the third winter. Survival analysis also showed no significant difference among flocks (P ¼ 0.91), or between adult males and females (P ¼ 0.38).
Surviving adults showed strong winter flock fidelity; of 173 recaptured birds, just 7 (4%) changed their winter flock between years (1st-2nd winter: 5/123 birds, 4.1%; 2nd-3rd winter: 2/50 birds, 4%), the remainder being recaptured in the same flock as in the preceding winter. There was a tendency for females to move more than males (6 females vs 1 male), including breeding dispersal by one pair and two examples of relatively long-distance movement; a female who moved to flock W-7 was originally caught in flock P-6 in the previous winter, a distance of about 3 km, and another female who transferred to flock Y-3 was from flock LB-3 (see Figure 1) . Overall, most of the adult males and females in our population stayed in the same winter flocks every winter.
Genetic differentiation
Overall F ST values among 17 winter flocks was 0.01, indicating small but significant genetic differentiation (Po0.0001) at a fine spatial scale (o5 km, Figure 1 ). Most pairwise F ST values between flocks were also significantly different from zero (122 of 134, range: 0.0004-0.025; Table 2 ). In addition, a significant isolation-bydistance effect across 17 winter flocks was detected over the small area of the study, although r 2 was small (Figure 2 ). The regression of pairwise F ST /(1ÀF ST ) against the logarithm of distance between flocks in metres deviated significantly from zero (slope ¼ 0.0026, permutation test P ¼ 0.002; Figure 2 ), indicating that most dispersal events, which may generate gene flow, were biased to the adjacent flocks. F ST was estimated according to Weir and Cockerham (1984) . *Po0.05; **Po0.01; ***Po0.001; NS, non-significant.
Demography and genetic structure in parrotbills J-W Lee et al
Temporal genetic differentiation within a flock was smaller than the spatial genetic differentiation between flocks (Table 3) . For the five main study flocks during three successive winters, we found no significant difference between the first and second winter, except for flock B-5 (Table 3) , and in two flocks (R-0, W-7), F ST values between the second and third winters were still not significantly different from zero, despite a low recapture rate (see Table 1 ). Comparisons within flocks of first and third winter generated significant F ST values (mean ¼ 0.006 ± 0.0012 s.e.; Table 3 ), but the values were still smaller than those from comparisons among flocks (mean ¼ 0.01 ± 0.001 s.e.; Table 2 ).
Consistent with genetic differentiation and the isolation-by-distance effect, there was significant relatedness within a flock. Spatial autocorrelation analysis revealed that both males (Po0.0001; Figure 3a) and females (Po0.0001; Figure 3b ) within the same flock were more closely related than expected by chance. Furthermore, the observed mean relatedness between males and females within a flock also deviated significantly from 95% CI of mean relatedness expected from randomized permutation (P ¼ 0.009; Figure 3c ), indicating that males and females within a winter flock are more closely related than those in different flocks. This pattern might stem from the dispersal of mixed-sex sibling coalitions (Lee et al., in review) and/or from natal philopatry of both sexes. Both mAIc and overall F ST values from the analysis in FSTAT indicated that female-bias occurred in natal dispersal (Table 4 ; the more dispersive sex has a lower mAIc and F ST , Goudet et al., 2002) . However, this result was marginal, despite large sample sizes ( Table 4 ), indicating that the sex difference are equivocal and females as well as males are often philopatric.
Inbreeding
Close inbreeding did occur in our study population: 2/46 (4%) pairs were composed of a male and female with a pairwise relatedness estimate of r40.25 (2005: 1/25 pairs, 2006: 1/21 pairs). However, the genetic structure of winter flocks, described above, meant that most of the breeding females we studied (42/46) had at least one related male (r40.25) in the preceding winter flock where mate choice occurred, and many had several relatives as potential partners (mean number of related males ¼ 3.6 ± 2.45 s.e., range: 1-11).
The observed rate of inbreeding may be lower than anticipated if pairing was random with respect to kinship, so can we conclude that the relatively low inbreeding rate was a result of active inbreeding avoidance behaviour? Average relatedness (r) between breeding pairs (n ¼ 46) was 0.01±0. 
Discussion
Demography Dispersal is a critical process in ecological and evolutionary biology (Hamilton and May, 1977; Arcese, 1989; Johnson and Gaines, 1990) . Adult vinous-throated parrotbills exhibit strong winter flock fidelity within and between years. Juveniles including both sexes also show strong natal philopatry (Lee et al., in review) ; just 40% of juveniles moved away from their parents' flock to mostly neighbouring flocks in their first year, and for those juveniles that did disperse, sibling coalitions with both sexes were the norm (Lee et al., in review) . These three demographic processes of natal philopatry, dispersal in kin groups and fidelity to winter flocks by adult vinous-throated parrotbills would collectively be expected to generate flocks comprised of a number of kin groups and hence populations exhibiting significant genetic structure, as we have found in this study.
We have reported elsewhere (Lee et al., 2009 ) that kin association during breeding may have fitness benefits in terms of productivity, but there may also be costs of competing with kin (Taylor, 1992) , so the dispersal following Rousset (1997) . F ST was estimated according to Weir and Cockerham (1984) . Weir and Cockerham (1984) . *Po0.05; **Po0.01.
Demography and genetic structure in parrotbills Donald, 2007) . Firstly, this study has shown that adult survival rate is low, but also extremely variable among years (Table 1) . This variation may have dynamic effects on the social structure of the winter flock because the survival rate of adults may influence the rates of immigration and emigration, especially by juveniles (Arcese et al., 1992) . For example, although there was a significant difference in adult survival rates between two winters (36 vs 17%, Table 1 ), overall flock size did not differ between the two winters, indicating possible density-dependent recruitment or immigration. Determining these processes with observational data is Secondly, in monogamous species like vinous-throated parrotbills, if the sex ratio of a winter flock where pairing occurs is skewed, members of one sex may lose breeding opportunities due to a lack of mates. In this study, we found that the sex ratio in each flock was not significantly skewed from 1:1, although there was a weak tendency of male bias. The observed sex ratio of winter flocks was consistent with the overall sex ratio of fledglings from the main study flocks, which was not significantly different from 1:1 (male/total: 0.54; n ¼ 153; J.-W. Lee, unpublished data). In addition, there was no significant difference in the annual survival rate between adult males and females. On the whole, the balanced sex ratio in winter flocks may reduce individual movements and thus stabilize social structure of the winter flocks.
Genetic differentiation
Among 17 winter flocks, we found small (0.0004-0.025) but significant levels of genetic differentiation (Table 2) and the genetic structure among winter flocks was consistent with the model of isolation by distance (Wright, 1943) . The range of F ST (0.0004-0.025) is similar to that (0-0.015) found at a much larger scale in whitebacked woodpecker Dendrocopos leucotos populations across northern Europe (Ellegren et al., 1999) . However, the overall F ST found in this study (0.01) was relatively small compared with F ST from other avian studies conducted at a much larger geographic scale (more than several hundreds kilometres) which ranged from 0.04 to 0.1 (Grapputo et al., 1998; Martinez et al., 1999) . Nevertheless, given that our study area was just 5 km long, the low level of genetic differentiation that we found implies that much greater genetic differentiation would be apparent at scales comparable to those studies.
The results of spatial autocorrelation analysis for relatedness indicated that both males and females within the same winter flock were more closely related to each other than those from different winter flocks. These results are highly consistent with the expectation from parrotbills' demographic and behavioural characteristics identified above, specifically adult flock fidelity, natal philopatry and dispersal of kin coalitions. Temporal genetic differentiation within a winter flock (À0.002-0.009, Table 4 ) was much smaller than spatial genetic differentiation (0.001-0.02), again reflecting the behavioural features mentioned above. In addition, variations in the levels of temporal genetic differentiation indicate that the survival rate of adults also affected the genetic structure of winter flocks, structure being greatest when adult survival was lower (Tables 1 and 3 ). Taken together, the results of this study support the idea that genetic differentiation could be generated by behavioural and/ or demographic processes alone, without any physical barriers to dispersal, even at a fine spatial scale (o5 km long in this study).
The extent of dispersal, gene flow and thus genetic differentiation among populations will influence the potential for local adaptation (Slatkin, 1985; Lenormand, 2002; Postma and van Noordwijk, 2005) . Vinous-throated parrotbills are extreme habitat generalists, occupying habitats ranging from marshland, through lowlands, to mountain tops, and from rural to urban areas; they also show strong adaptability in nest site selection and nest building behaviour according to the habitat types (Jang, 1999) . Limited gene flow induced by behavioural and demographic processes may be one factor that allows this species to inhabit various types of habitats through facilitation of local adaptation. It would be interesting to further examine the correlation between the levels of genetic differentiation between populations and the levels of habitat generality across species.
Inbreeding
Inbreeding depression has been demonstrated in many species and so inbreeding avoidance mechanisms would be expected when the risk of incest is high (Pusey and Wolf, 1996) . Contrary to our expectation that the social and genetic circumstances of vinous-throated parrotbills would cause a high frequency of inbred mating, we found relatively low rates of inbreeding. However, the evidence for incest avoidance from our study is equivocal (Figure 4) , with avoidance suggested in 1 year but not in the other. One of the principal mechanisms to avoid inbreeding is sex-biased natal dispersal (Greenwood and Harvey, 1982; Pusey and Wolf, 1996) but any sex bias we found was weak (Table 4 ; Figure 3 ; see also Lee et al., in review) , suggesting that this may not be an effective mean of inbreeding avoidance in this species.
Another possible mechanism to avoid inbreeding is recognition of relatives (Blouin and Blouin, 1988; Pusey and Wolf, 1996) and empirical studies across many animal taxa support this possibility (Sharp et al., 2005; Facon et al., 2006; Gerlach and Lysiak, 2006; Archie et al., 2007; Lihoreau et al., 2007) . Vinous-throated parrotbills may be able to discriminate relatives and non-relatives using some phenotypic characteristic, such as vocal cues, as in long-tailed tits Aegithalos caudatus (Sharp et al., 2005) . However, the effectiveness of kin recognition as a mechanism of inbreeding avoidance is uncertain in this species because siblings from different broods might encounter each other and yet may not recognize each other as kin. In addition, frequent mate switching caused by high mortality will produce many half-siblings and this will generate kin structure with various levels of relatedness in flocks. Recognition of all relatives in such circumstances would require extremely sophisticated mechanisms. Nevertheless, we cannot rule out kin recognition as a mechanism of inbreeding avoidance in this species, so further study on this topic would be worthwhile.
Alternatively, the parrotbill's social system may reduce the chance of inbreeding. Pairing occurs within winter flocks (Kim et al., 1992; Kim, 1998) , suggesting that each individual would have contact with many prospective mates, most of which are unrelated. This social environment may reduce the probability of inbreeding without specific mechanisms like kin recognition. Moreover, a relatively high mortality rate may also dilute the probability of mating with kin and it could also diminish the detrimental effect of inbreeding if inbreeding depression occurs only after several successive inbreeding events (dos Santos et al., 1995) . Collectively, these social and demographic processes may decrease the chance of inbreeding and reduce selection against inbreeding without sex-biased dispersal and/or kin recognition.
In conclusion, our study shows that the large winter flocks of vinous-throated parrotbills are not random aggregations of individuals. Behavioural and demographic processes generate significant genetic differentiation among winter flocks at a fine spatial scale in the absence of physical barriers to dispersal. These findings suggest that populations may be kin-structured, even when there are no obvious family social structures. The occurrence of such 'cryptic' fine-scale genetic structure has potentially important implications for both beneficial (for example kin-selected cooperation) and costly (for example inbreeding) behaviours.
